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1. ABSTRACT 
 
To maintain the groundwater quality represents a critical concern because of the increasing 
levels of groundwater contamination globally. This goal is particularly important in arid 
zones, where due to the scarce rainfall the groundwater is a significant source of freshwater 
supply to society and ecosystems. Here we follow an ecohydrological approach to derive 
effortless indicators of the aquifers condition, based on the monitoring of phreatohytic 
vegetation, a particular case of Groundwater Dependent Ecosystems (GDEs). This is the 
case of Z.lotus a deciduous arid shrub from North of Africa and Southeast Spain. This study 
aims to relate the biological condition of Z. lotus with the groundwater condition to explore 
the feasibility for using vegetation indicators to inform about the salinization levels of 
groundwater in coastal aquifers. With this goal we: 1) evaluate the salinization levels of an 
aquifer from the Cabo de Gata-Níjar Natural Park, by wells sampling; 2) determine the 
brackish water distance gradient based on the use of Vertical Electrical Sounding (VES),the 
physiological condition of Z. lotus through leaf chemical analysis and spectral vegetation 
indices (NDVI and NDWI) along a salinity gradient. The results showed that the phreatic 
level, distance from the sea and therefore the salinity and freshwater available to GDE, are 
reflected in the leaf chemical composition of Z. lotus. However, salinity levels did not 
reflected clearly in vegetation greenness (NDVI) and vegetation water content (NDWI), 
probably because of Z. lotus showed salt tolerance within the range of salinity found in the 
aquifer. As a conclusion, we propose leaf ion concentration as a good indicator of 
groundwater salinization, while the spectral indices are good indicators of vegetation health 
but not for the groundwater salinization. Z.lotus is probably the only terrestrial GDE in the 
arid zones of Europe and its study is essential for the management and conservation of this 
ecosystem.  
 
Key words: Cabo de Gata-Níjar Natural Park, brackish groundwater, leaf chemical 
composition, NDVI, NDWI, Ziziphus Lotus, Southeast Spain, salt tolerance. 
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RESUMO 
 
Manter a qualidade das águas subterrâneas constitui uma preocupação crucial devido aos 
crescentes níveis de contaminação dos lençois freáticos a nível mundial. Este tópico é 
particularmente importante nas zonas áridas, uma vez que as precipitações, que 
representam uma fonte importante de abastecimento de água doce subterrânea para a 
sociedade e para os ecosistemas, são escassas nas zonas áridas. Neste estudo utilizamos 
uma abordagem ecohidrológica para obter indicadores de esforço da condição dos 
aquíferos, com base na monitorização da vegetação freatófita, um caso particular de 
Ecossistemas Dependentes de Águas Subterrâneas (GDEs: Groundwater dependent 
ecosystems). Como exemplo de vegetação freatófita das zonas áridas analisou-se o Z.lotus 
que é um arbusto de folha caduca do Norte de África e Sudeste de Espanha. Este estudo 
teve como objetivo relacionar a estado biológico do Z. lotus com o estado das águas 
subterrâneas para explorar a viabilidade de utilização de indicadores de vegetação para 
informar sobre os níveis de salinização das águas subterrâneas dos aquíferos costeiros. Para 
isso: 1) avaliaram-se os níveis de salinização do aquífero do Parque do Cabo de Gata-Níjar 
Natural, através de amostragem de poços; 2) determinou-se o gradiente de distância de água 
salobra com recurso a uma sondagem elétrica vertical (SEV), a condição fisiológica do Z. 
lotus através da análise química foliar e os índices espectrais de vegetação (NDVI e NDWI) 
ao longo de um gradiente de salinidade. Os resultados mostraram que através da análise 
química das folhas de Z. lotus foi possivel determinar o nível freático, a distância ao mar, a 
salinidade e a água doce disponíveis para os GDEs. No entanto, os níveis de salinidade não 
se refletiram claramente no verdor da vegetação (NDVI) e no teor de água da vegetação 
(NDWI), provavelmente por Z. lotus apresentar tolerância ao sal dentro da gama de 
salinidade presente no aquífero. Em conclusão, recomendamos como bom indicador da 
salinização das águas subterrâneas a concentração de íons nas folhas. Em contrapartida, 
sugerimos que os índices espectrais de vegetação são bons indicadores da saúde da 
vegetação, mas não são bons para a quantificação da salinização das águas subterráneas. Z. 
lotus é provavelmente o único EDAS terrestre nas zonas áridas da Europa e o seu estudo é 
fundamental para a gestão e conservação deste ecossistema.  
 
Palavras-chave: Parque Natural de Cabo de Gata-Níjar, Água subterránea salobra, 
composição química das folhas, NDVI, NDWI, Ziziphus lotus, Sudeste de Espanha, 
tolerância salina. 
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2. INTRODUCTION 
2.1. Groundwater dependent ecosystems (GDEs): concept and threats 
 
Groundwater is a valuable source of freshwater supply on Earth. For arid and semi-arid 
ecosystem the groundwater is a significant freshwater supply for industrial and agricultural 
activities and human consume. Groundwater maintains the water temperature and 
chemistry conditions required by ecosystems, animals and plants they support (Brown et al. 
2009). In addition, groundwater maintains several types of ecosystems, called Groundwater 
dependent ecosystems (GDEs). Murray et al. (2006) considered such ecosystems, as those 
whose structure and functionality depend of access to the groundwater. According to 
Eamus and Froend (2006), there are six types of ecosystems depending on groundwater: 
rivers, springs, wetlands, lakes, phreatophytes and subterranean ecosystems.  
 
GDEs are threatened by activities that alter the quantity or quality of groundwater 
discharging at or near surface. The threats are divided in three types: i) contamination by 
nutrients is due to nitrates and phosphorus which are associated with agricultural and rural 
residential land uses, ii) pesticides are used in urban areas associated with agriculture 
intensive, and iii) the contaminations from industrial and manufacturing chemical are other 
example of contamination of this kind of ecosystems. (Brown et al. 2009).  
 
The phreatophytic vegetation health is connected with the quality of the aquifer which 
supply them water. There are historical records of vegetation behavior in relation to 
observed changes in groundwater availability (Naumburg et al. 2005, Froend et al.2009). 
The groundwater fluctuations affect vegetation reliant on groundwater. The effects can be 
changes in physiology, structure, and community dynamics. Plant salt stress is increasing 
globally because of climate change and inappropriate water use by humans and field 
management. Thus, the impact on GDEs influences the environmental conditions of the 
ecosystems and the human welfare. The integrity of GDEs can be affected as a 
consequence of the water demand by domestic and agriculture used and, in turn, the 
territory can increase or modify the natural fluctuation on the water table. Ecological 
integrity lack affects to the ecosystem services provided by GDEs.  
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Every day the world demand fresh water supply for agriculture, industry, drinking water 
use, etc. It is probably its demand will continue grow. As result of growing water demand, 
the need to ensure the protection of groundwater and ecosystems associated to it. The 
development of effective strategies to protect GDEs and species depend on this kind of 
ecosystem as their requirements of groundwater, and whether this provision has declined 
(Eamus & Froend, 2006). Water requirements for different dependent ecosystems and their 
diverse ecological communities have not been adequately evaluated. In order to evaluate 
the dependence on groundwater ecosystems, there are methods which are largely indirect or 
based on the assumption of the use of groundwater by plants and animals as proof of 
dependency, but until now they are more empirical than experimental. In the case of 
terrestrial vegetation, the development of techniques based on the ratios of stable isotopes 
of oxygen and hydrogen from natural origin, has been a great advance (White, 1985; 
Sternberg & Swart, 1987; Ehleringer & Dawson, 1992; Lin & Sternberg, 1992; Thorburn et 
al., 1992). The use of this technique leads to the main ideas about when the vegetation 
access to different sources of water, knowing their reliance on groundwater from rainwater. 
This technique is still widely used in Australia (Thorburn et al. 1993; Mensforth et al. 1994; 
Thorburn & Walker, 1994). However, it is recognized that the application of stable isotope 
techniques to the problem of discrimination of the water sources used by the plant uses. 
First, it requires a difference in isotopic composition between the water contained in the 
soil and groundwater, it is not always present. Second, these techniques are most effective 
when combined with flow measurements (Thorburn et al., 1993). Finally, it is a very 
expensive technique difficult to incorporate into management actions. Due to in fact that 
the uses of stable isotopes have difficulties, also there have been used more indirect means 
to evaluate the dependence of groundwater. Most of them are based on a water balance 
explicitly or implicitly, with discrepancies between annual precipitation and actual 
evapotranspiration, transpiration attached to the discharge of local or regional groundwater 
(Paijmans et al., 1985, Schulze et al ., 1996) Other approaches are based on the 
interpretation and quantification of the observed changes in the flora and fauna in relation 
to the observed changes in surface water or groundwater levels (Froend & McComb, 1994, 
Hancock et al. , 1996; Froend et al., 1997). Until recently, legislative and policy focused on 
Arid groundwater dependent ecosystem response to salinization processes in a coastal 
aquifer: deriving vegetation indicators of the aquifer condition 
 
 
   
 
protecting water supplies for human uses, and the laws had a little consideration of 
ecosystems which depended of groundwater. The over-exploitation of groundwater can be 
caused impact on the ecosystems. For instant, the implementation of inappropriate policy 
can caused degradation of groundwater-dependent ecosystems (Aldous et al.2011). The aim 
to protect groundwater-dependent ecosystems is to achieve the water sector, through 
control and management of groundwater exploitation.  
 
2.2. Saltwater intrusion: a major problem of the coastal aquifer 
 
Since groundwater systems in coastal areas are in contact with saline water, one of the 
major problems is saltwater intrusion. The seawater intrusion process is consistent to a 
hydrodynamic imbalance in general is governed by variations piezometric. These variations 
in conductivity are essentially related the layered nature of the sediments but also 
horizontal variations, which gives the system a marked anisotropy. Occasionally, the 
existence of low permeability beds generates semiconfinement situations and even light 
confinement can result in different hydrodynamic equilibrium states, i.e. the formation of 
independent interfaces with different degrees of diffusion. When seawater intrudes into a 
coastal aquifer, the following exchange reaction takes place:  
 
Na+ + 1/2Ca2+-X2              1/2Ca2+ + Na-X 
 
Where X indicates the soil exchanger. Na+ is taken up by the exchanger, whereas Ca2+ is 
released into de water (Chen at al. 2007). Saline groundwater can result not only from 
seawater intrusion into aquifer but also from the presence of beach deposits, dissolution of 
evaporite deposits, return flow from irrigated land; and anthropic saline wastewaters. 
(Daniele et al, 2011) Seawater intrusion in coastal aquifers can be the result of intensive 
pumping fresh groundwater, or due to reduced stream flow (i.e. due to construction of dams 
or leads), which leads to reduced groundwater recharge in the deltas and floodplains. The 
intense evaporation in areas with shallow groundwater levels can also lead to salinization. 
Variations in salinity levels may occur due to natural climate change or to over-pumping 
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and irrigation practices that stimulate the precipitation of dissolved solids, such as salts, on 
farmland. Seawater intrusion is a potential issue which a lot of countries have to deal. 
Especially in semiarid/arid regions, aquifers are essential water sources, vulnerable to 
climate change and anthropogenic factor. 
  
Previous hydrogeochemical studies in the area show that the aquifer is salty which can be 
result from seawater intrusion, dissolution of evaporate deposits, return flows from 
irrigation and anthropic saline wastewaters (Daniele et al.2011 and García et al.2003). In 
order to verify that the saline groundwater, four wells were analyzed in Torregarcía area. 
 
2.3. A proposal to study the aquifer conditions based on an ecohydrological 
approach: Groundwater dependent ecosystems (GDEs) as indicators of the 
groundwater conditions  
 
In water-limited environments, such as arid and semiarid zones, plant growth is often 
controlled by stochastic pulses of water that directly affect plants’ ability to adapt and 
survive. Ecohydrology is providing new theoretical frameworks and methodological 
approaches for understanding the complex interactions and feedbacks between vegetation 
and hydrologic flow. The composition and structure of plant communities are directly 
influenced by spatiotemporal patterns in water availability.  In this project, we would like to 
understand the water-plant relationship in a semi-arid zone. As the global water supply and 
quality are connected with the land use change and therefore identify the issues to solve it.  
 
The phreatophytic vegetation can be used as indicators of GDE condition. The GDEs are 
threatened by insufficient supply of groundwater. Understanding the plant communities 
associated to a GDE can provides knowledge about the groundwater fluctuations and 
conditions. Thus, it is possible to predict the potential impacts water-regime modification 
through the study of the groundwater-vegetation relationships. Three main parameters can 
be measured at community level to elucidate changes in the groundwater conditions 
(Eamus et al. 2006): i) changes in the community structure and abundance can appear as a 
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response of the alteration of groundwater regime; ii) as some species are more vulnerable to 
prolonged dry periods (character), the changes in species diversity and composition can 
also indicate the alteration of groundwater regimen, and iii) the fullness/density of 
phreatophytic vegetation can measure the health of GDE vegetation. 
 
Figure 1. Phreatophytic vegetation and groundwater relationship  
 
According to Erdman 2000, there is a correlation of phreatophytes leaf data with 
groundwater data. Deleterious effects of salinity are thought to result from low water 
potentials, ion toxicities, nutrient deficiencies, or a combination of these factors (Khan et al. 
2000). Nutrient deficiencies can occur in plants when high concentrations of Na+ in the soil 
reduce the amounts of available K+ and Mg2+. In addition, Na+ may have a direct toxic 
effect, such as when it interferes with the function of potassium as a cofactor in various 
reactions. Many of the deleterious effects of Na+, however, seem to be related to the 
structural and functional integrity of membranes. Current reports using metabolomics 
techniques have detected the global metabolic shift under salt stress observing the sets of 
metabolites that more frequently increased, enhancing the plant osmotic potential. 
Inorganic solutes and sugars and amino acids are the metabolites that most frequently 
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increase under salt stress. (Peñuelas et al, 2011). In addition, the photosynthesis is sensitive 
to several stresses, including excess irradiance, water stress, high or low temperature, 
elevated CO2, soil nutrient supply, air pollution, and others. Thus, the elevated salinity in 
the plant causes restricting CO2 entry into leaves, or non-stomatal limitations that result in 
inhibitions or down-regulation of photosynthesis (Gorai et al, 2010).  
 
2.4. The arborescent matorrals of Ziziphus lotus: a groundwater dependent 
ecosystem to study the condition of coastal aquifers in arid SE Spain. 
 
In arid ecosystems the shallow groundwater can play an important role in the productivity 
even much that the local rainfall (Jobbágy et al.2011, Eamus et al.2006). Also, the 
evapotranspiration is important because more than 90% of all precipitation input to the 
system return to the atmosphere via evapotranspiration (Cavanaugh et al. 2011). It is aware 
that there are shrubs and tree species can have maximum rooting depth of many meters 
which suggests that they can take water directly from groundwater. These species are 
denominated as phreatophytic vegetation (Figure 1) (Haase et al.1995, Naumburg et 
al.2005). 
The arborescent matorral of Ziziphus lotus (azufaifares) (Figure 2) is a phreatophytic 
vegetation of conservation concern at the European level. This ecosystem is broadly 
distributed in the northern Africa, however in Europe is considered like a priority habitat 
(code 5520*, Habitat Directive) that only occur in the arid environments of SE Iberian 
Peninsula. In addition, it holds a number of species with high degree of endemicity. The Z. 
lotus is a significant plant in the area. It provides shade, shelter and food for small animals 
that live in the area. It should also emphasize that the Z. lotus provide moisture to the upper 
soil layer that plants grow around it are beneficing. These characteristics make Z. lotus a 
valuable multi-purpose shrub for semi-arid to arid ecological areas.  
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Figure 2. Ziziphus lotus in Cabo de Gata-Níjar Natural Park (Almería, Spain) 
 
Over the last 30 years this ecosystem has became to extinction rick because of the 
expansion of greenhouses. The main impacts on this coastal ecosystem are intensive 
groundwater exploitation, waste water spilling and proximity to urban areas. Agriculture 
intensification has impacted on this ecosystem by the habitat fragmentation and the 
overexploitation of the coastal aquifers. As a result, currently only three populations 
survive in the Cabo de Gata-Níjar Natural Park. To keep these populations in a favorable 
conservation status, it is necessary to develop monitoring programs that enable the 
development of adaptive management strategies. During the last twelve years the study area 
has been monitory by satellite. The dates show vegetation deterioration but the cause is not 
known. The development on the Mediterranean coast of the Iberian southeast has 
contributed to the disappearance or disturbance of this habitat, as the pressure by the 
growth of crops under plastic (greenhouses). The alteration of this habitat is particularly 
relevant in the most conserved areas, which will be surrounded and fragmented by 
urbanization and the construction of greenhouses and other crops. A significant example of 
destruction of highly conserved areas of this habitat on the coast is the El Toyo Retamar, 
which destroyed a large ex tension of this habitat (260 ha) for the construction of houses, 
golf courses, etc. (with the added effect of exploitation of the aquifer water, which lowers 
the water table may affect the operation of adjacent conservation areas). Another example 
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is the construction of the pipeline Algeria-Europe in the “El Pedregal” beach, where there is 
an area with well-developed individuals of Z. lotus, although with a certain degree of 
disturbance. Annually, another disturbance is the congregation of vehicles and people 
around the shrine of Torregarcía annually where the people spend all the day in the area 
which involves treading ground vehicle, people step and the abandonment of waste. 
 
3. HYPOTHESIS AND OBJETIVES 
 
Groundwater is an important resource in arid zones as the primary source of water for 
agriculture, industrial and human consumption. As mentioned previous, the Z. lotus is 
considered like a priority habitat in Europe (Directive 92/43 EU) and it deserves a 
monitoring and protection. Moreover, the management and protection of groundwater 
source is very important to achieve a good ecology state in the ecosystem according with 
the Water Framework Directive (Water Framework Directive, WFD). The development of 
the ecological role of this shrub desert is only possible if we consider its phreatic character 
(Tirado, R., 2009, Gorai et al., 2010), since only the access to deep water layers could 
explain the activity maintaining vegetative productivity in arid Mediterranean during the 
summer. According to these features, the Z. lotus ecosystem should be considered as an 
ecosystem whose structure and integrity depend on the maintenance of the physical and 
chemical conditions of groundwater.  
 
At present there are only three well-developed populations of Z. lotus (with individuals 
scattered across several areas of Almería and Murcia) that survive in the Natural Park Cabo 
de Gata-Níjar. To maintain these populations in favorable conservation status, it is 
necessary to develop monitoring programs that enable the development of adaptive 
management strategies (Hair & Carrique, 2004, Castro et al., 2011). Such programs should 
be based on knowledge of the dependencies of vegetation groundwater, an objective to 
which we intend to contribute to this work. The purpose of understanding the relationship 
between vegetation and groundwater dynamics, the manage and maintenance of a healthy 
ecosystem is crucial while providing water for human needs ( Naumburg et al. 2005). 
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In this Master thesis we explore the interaction of semiarid ecosystem and groundwater in 
the Cabo de Gata-Nijar Natural Park in Almeria (Spain) through the study of phreatophytic 
vegetation which obtains its water from phreatic sources and is sensitive to changes in the 
hydrogeological regime. James et al. (2000) used phreatophytic vegetation as alternatives 
method to analyze groundwater contamination. According with it, we have sought if 
phreatophic vegetation could be a possible indicator for knowing the quality of coastal 
aquifer, in particular the possible salinization in them. Thus, the main objective of this 
Master Thesis was to derive vegetation indicators to evaluate salinization processes in 
coastal aquifers. Particularly, we assessed the response of the preatophytic species, Z. lotus, 
to a brackish distance gradient by focus on changes in the leaf chemical condition and in 
spectral indices, such as the Normalized Difference Vegetation Index (NDVI), and the 
Normalized Difference Water Index (NDWI) as indicators of vegetation health. These last 
indices were measured in the field at individual level, but they are typically data obtained 
from remote sensors in satellites. In this way, we sought for vegetation indicators that 
would be used at ecosystem level and for large regions. The study was in dry season (spring 
and summer) because it is when Z. lotus has its fruits and green leaves. The analysis of Z. 
lotus quality and testing of aquifer quality is required to determine the relationship of 
phreatophic vegetation and groundwater in this semiarid zone in Spain. 
 
4. MATERIALS & METHODS 
 
 4.1 Study area 
 
The study focused in a coastal ecoydrological system of the Cabo de Gata-Níjar Natural 
Park (Almería, Spain), a maritime-terrestrial protected area located in the southeastern 
Iberian Peninsula (Figure 3). This area with a mean annual rainfall (2012) of 145.4mm and 
mean temperature is 20ºC which can become more than 30ºC in summer, is considered one 
of the most arid zones of Europe (Figure 4). The rainfalls occur mainly in autumn and 
winter. The annual rainfall, concentrated in 26 days on average, is lower than 
evapotranspiration. Thus, it is considered as a water-limited environment, since the water 
Arid groundwater dependent ecosystem response to salinization processes in a coastal 
aquifer: deriving vegetation indicators of the aquifer condition 
 
 
   
 
stress is the most limiting factor of the ecosystems (Armas et al. 2011, Cabello et al. 2012).  
These bioclimatic conditions enhance the groundwater role as a key resource for water 
supply, both in ecosystems and people.  
 
 
Figure 3. Study area. Location of the main population of the Ziziphus lotus aquifer dependent 
ecosystem (    ), Cabo de Gata-Níjar Natural Park, Almería (Spain) 
 
 
Cabo de Gata-Nijar Natural Park is also internationally recognized as a biosphere reserve 
on account of the contrasts it contains between marine, coastal and terrestrial environments 
where we can find numerous species of plants and animals. In spite of the fact that it’s 
semi-arid climate with low rainfall and a low water table, Cabo de Gata-Nijar is one of 
most unusual Europe’s ensembles of flora (more than 1000 endemic species). One of these 
plants, adapted to the harsh local climatic conditions is the wild jujube Ziziphus lotus, 
which is analyzed in this work.  
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Figure 4. Annual precipitation (mm) and temperature (ºC) in Almeria (2012) (INE. Monthly 
Bolletin of Statistics). 
 
 
The ecohydrological system we study is developed on the Hornillo aquifer is an aquifer 
which encloses all the coastal plains of the western part of the Cabo de Gata-Nijar Natural 
Park. Apart from that this aquifer is very fragmented by geological faults, there is little 
information on its structure and quality of the aquifer and there are not many available 
wells there. The level and chemical composition of the water table change depending on the 
site (Sola Gómez et al., 2008). For this reason, we selected as a plot study the land between 
two the main faults in the area to focus on the relationship between Z. lotus and 
groundwater. Both faults overlapped with two arid water streams (ramblas), “Rambla de 
Retamar” at the West, and “Rambla de las Amoladeras” at the East). We use a road as a 
northen limit, and the Mediterranean sea as the southern limit (Figure 5).  
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Figure 5. Tectonic map of the study area. Source IGME 
 
 
4.2.  Main characteristics of the coastal aquifer and the Z.lotus groundwater 
dependent ecosystem 
 
The coastal aquifer 
 
The aquifer consists of gravel and sand deposits, and it is an unconfined and detrital 
aquifer. The aquifer is developed in Quaternary materials- alluvial and deltaic- sandy-loam 
soil and Pliocene conglomerates. Previous works founded that the aquifer shows evidence 
of seawater intrusion as a result both of the low rainfall in the area and the amount of 
groundwater extracted (Daniele et al. 2011).  
 
The hydrochemical processes in the aquifer derive from the water-rock interaction, and 
seawater intrusion. The water-rock interaction determines the chemical equilibrium 
between the liquid and solid phases. Basically, the processes involved are ion exchange 
Fault 1 
Fault 2 
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carbonate dissolution and precipitation, but may also be relevant redox processes, 
especially the sulphate reduction. In addition, the checmical composition of the mixing 
water (fresh and salty water) depends on the hydrodynamics of seawater intrusion. The 
intervention of the cation exchange process between the water and the sediment can 
substantially modify the chemical composition of water, so that from an initial mixture of 
water NaCl character may be found facies types that meet the following sequence, which 
summarizes the evolution of the water in a process of encroachment by salt water to the 
mainland, where exchange processes involving reverse:  
 
NaCl          CaCl2         Ca(HCO3)2 
 
The Phreatophytic vegetation 
 
Vegetation in the area corresponds with shrublands and grasslands communities adapted to 
extreme and arid conditions. The predominant community is the “azufaifal”, and 
arborescent matorral dominated by Ziziphus lotus. This is a xerophytic shrub belongs to the 
Rhamnaceae, very common in arid and semiarid areas of northern Africa, but it is limited in 
Europe just to Southeastern Iberian Peninsula. The Z. lotus is deciduous that has the ability 
to withstand drought has been attributed to a combination of avoidance and tolerance 
mechanisms, including osmosic adjustment. Z. lotus shows sensitive stomata closure 
(Maraghi et al.2011) and develops deep root systems to reach moist soil layers and 
groundwater sources, functioning essentially as phreatophytes (Gorai M. et al, 2010). Its 
high stomatal density in leaves, most of the time opened (Figure 6) suggests that the plant 
has huge water requirements even during the drought summer period.  
 
In this ecosystem, Z. lotus acts as an “ecosystem engineer” that modifies its surrounding 
environment (Tirado 2005). Other authors have shown as this plant and other phreatophytes 
species provide hydraulic lift, redistributing water into the soil and providing supplemental 
moisture in the upper soil layers, helping to the other plant to get water from the soil (Prieto 
et al. 2010). It is observed the spatial distribution of many shrubby species around of Z. 
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lotus, which cause a positive interaction between plants by nurse-plant effect that mean, 
enhanced growth and survival of seeding living under Z. lotus (Tirado 2003). Thanks to the 
huge structure of Z. lotus, creates a microhabitat inside them which softens the arid 
conditions of the environment (soil temperature under the canopy is significantly lower, 
and the relative humidity higher), serving as a refuge for many species of plants, rodents, 
reptiles and birds. 
 
 
Figure 6. Ziziphus lotus has a high stomatal density , what reflect its water requirement (x200 by 
electron microscopy) 
 
Z. lotus plants cover more than 15% surface area and they dominate 46% of the bush cover 
in the area. The distribution of Z. lotus community is controlled by climatic factor as 
absence of frost, pronounced water deficit during the dry season (high temperatures and 
absence of rainfall) and high solar radiation over all year. The shrubs has intricately 
branched stems and smaller flowers and fruits. It is a shrub that reaches 2–5 m and is found 
in depressions with deep sandy soil for stabilized sand fields. Z. lotus dormant from 
October through March and flowers in May and June and produce fruits in August. This 
shrub exhibits a high optimal temperature for germination (35ºC) and may be able to 
tolerance low water potentials during germination (Gorai M. et al, 2010).   
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In the study area, Z. lotus and other plants accumulate sand under the canopy, constitutes 
geomorphological structures called “Nebkhas” in North of Africa. The nebkha is therefore 
not drifting sand but is almost stable. Both run-off and sand storms play a role in this 
nebkha building since they occur in depressions and along the stream network. The nebkha 
is used to find shelter and food by insects, amphibians, rodents, lizards and snakes.  
 
4.3.  Experimental design 
 
To carry out the project, we design a methodology with the following steps: 
 
1) Evaluation of the salinization level of the aquifer by well sampling;  
2) Selection and estimation of a brackish distance gradient as proxy to a 
groundwater salinity gradient; and
3) Analysis of the chemical composition and spectral behavior of Z. lotus along the 
gradient to derive vegetation indicators that informs us of the condition of the 
aquifer. 
 
4.3.1. Assessment of the salinization levels of the aquifer: wells sampling 
 
In May and June 2013, the groundwater samples were sampled from four different wells 
around the area (Figure 7). The water samples were collected in polyethylene sample bottle 
(100mL). The samples were acidified with HN03 5% in situ to prevent absorption or 
precipitation of metals and then storage at 4ºC. Physico-chemical parameters (pH, 
Electrical conductivity and temperature) of the groundwater were measured in the field 
(Figure 8). 
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 Figure 7. Water sample were collected in four different wells in Torregarcía area, Almería 
(Spain) 
 
 
The water quality analysis of samples for major ions was conducted at the Servicios 
Centrales de Investigación of University of Almería. The ions (Na+, K+, Ca2+, Mg2+ and B3) 
were determined by inductively coupled plasma mass spectroscopy (ICP-MS) which a 
method for the analysis of inorganic elements, as it uses small volumes of samples, is fast, 
and applied to a wide range of materials.  
 
 
Figure 8. Field work: a) Water sampling b) Measurement of pH, Electrical Conductivity and 
Temperature.  
 
a) b) 
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We also evaluate the quality of the water by the Sodium Adsorption Ration (SAR), which 
indicates if the water is suitable for irrigation. The SAR was calculated from this equation:  
   
 
 
According with International SAR Standards: SAR<3: suitable for irrigation  
           SAR 3-9: use may be restricted  
              SAR >9: unsuitable for irrigation  
 
4.3.2. Seeking for a groundwater salinity gradient: a brackish water distance 
gradient (geophysics study) 
 
Because of the scarcity of wells in the area, we decided to do a geophysics study based on 
Vertical Electrical Sounding (VES), which determined the brackish water distance gradient, 
as a proxy of a groundwater salinity gradient. The VES was run between the two main 
faults of the area, and considering a perpendicular gradient to distance from the sea. The 
picture below shows the location of transect where VES was made (Figure 9).  
 
 
Figure 9. Vertical Electrical Sounding (VES) measured between to fails in Torregarcía, Cabo de 
Gata-Nijar, Almeria (Spain) 
Fault 1 
Fault 2 
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The VES is a geophysical method based on the estimation of the electrical conductivity or 
resistivity of the medium. The estimation is performed based on the measurement of 
voltage of electrical field induced by the distant grounded electrodes. This method is used 
at shallow depth (the first 300m). The subsoil consists of formations of different 
resistivities, the measure resistivity do not correspond to any of them, but will have an 
intermediate value. The principle of this method is to insert an electric current, of known 
intensity, through the ground with the help of two electrodes (power electrodes – AB) and 
measuring the electric potential difference with another two electrodes. The investigation 
depth is proportional with the distance between the power electrodes. Figure 10 shows the 
electrical sounding scheme where the depth of investigation increases as the distance AB 
opens.  
 
 
Figure 10. Electrical sounding scheme (Source: Sanchez F.(2011)) 
 
The equipment GEOTRON was used to measure the apparent resistivity (Figure 11).  The 
model uses two circuits; one of them sent an electrical current through the electrodes A and 
B by a battery of 12volt. The electrical current is measured by an ammeter connected to the 
electrodes by wire coils 500 meters, makes we can move the line to get to know deeper data 
as we get away from the center point of measurement. To receive an electrical current a 
millivoltmeter is used, M and N electrodes consisting of two porous porcelain vessel filled 
with a solution of distilled water and copper sulfate connected by cables 1, 10 and 50 m.  
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All electrodes must be pre-moistened for better leading power, because in summer the soil 
is very dry. The nature of the material and water table are given by apparent resistivity. The 
uncertainty of the SEV can be 5% in favorable circumstances, from 10% in normal and 
10% to 20% if the soil is very heterogeneous, with failures, anisotropy, dips greater than 20 
degrees. Interpretation depth varies between 0.2 and 0.3 by the distance between the 
electrodes A and B.  
 
 
Figure 11. Field work: a) Class A or B electrode and wire coil 500 meters in the field. b) 
Photography Geotron device used in the field (symmetric Schlumberger) 
 
 
4.3.3. Assessment of the physiological condition of Z. lotus along the brackish 
groundwater distance gradient 
 
Leaf chemical analysis 
 
The leaf chemical analysis of samples for major ions was also conducted at the Servicios 
Centrales de Investigación of the University of Almería. The samples were treated with a 
high pressure acid digestion and the ions (Na+, K+, Ca2+, Mg2+ and B3-) were determined by 
inductively coupled plasma mass spectroscopy (ICP-MS). 
 
The leaf samples were obtained from 10 different individuals, and were collected in 
aluminium foil and immediately freezed (they were introduced in carbonic anhydride) to 
prevent post-sampling hydrolysis of some compounds and afterwards to lyophilize it to 
a) b) 
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completely dry it until the extraction process. Once the samples were in the laboratory, 
leaves were cleaned with a brush to remove dust and dirt particles that were on the leaves 
for later in the analysis there is no interference. Then leaf samples were dried in a forced air 
oven at 80 ° C for 24h. The samples after being dried were ground to reduce the particle 
size and obtain a suitable sample for analysis. They were stored in a refrigerator at 4 ° C.  
 
To eliminate the organic matter (high pressure acid digestion) (Figure 12) ,a 0.3g plant 
sample was placed into digestion tubes with 8mL nitric acid conc. and 2ml hydrogen 
peroxide. Tubes were heated to 190ºC for 30 min allowed to cool. Quantitatively transfer 
the contents of the digestion tube into a 25 mL volumetric flask, dilute to volume with 
deionized water. Once finished the acid digestion, the ions were determined by inductively 
coupled plasma mass spectroscopy (ICP-MS) (Table 3).  
 
 
Figure 12. Laboratory work: a) Advanced grinding technologies, b) Electronic scale, c) Added the 
reagent to the samples, d) Advanced special microwave, e) Volumetric flask 
  
a) b) c) 
d) 
e) 
Arid groundwater dependent ecosystem response to salinization processes in a coastal 
aquifer: deriving vegetation indicators of the aquifer condition 
 
 
   
 
Vegetation greenness (NDVI) and Vegetation water content (NDWI) 
 
To evaluate the physiological condition of Z. lotus we used field spectral radiometric 
measures, as the Normalized Difference Vegetation Index (NDVI) and the Normalized 
Difference Water Index (NDWI). To do so, we used two 4-channel sensors for incident 
light (Skye SKR1850D/A 39993 and SKR1870D 39992, Figure 13a) and two 4-channel 
sensors for reflected light (Skye SKR1870ND 39991 and SKR1850ND/A 39994, Figure 
13b). Two of these sensors (SKR1850) have the ability to simultaneously detect and 
measure four separate bands corresponding with those of the MODIS sensor, and the other 
two sensors (SKR1870) have the ability to simultaneously detect and measure four separate 
SWIR bands. 
 
 
 
a) 
 
b) 
 
c) 
 
d) 
Figure 13. Sensors used in the field survey: 1a) two 4-channel sensors for incident light; 1b) two 4-
channel sensors for reflected light; 1c) IR120 infra-red remote temperature sensor; GPS 16X-HVS. 
 
 
The sensors were paired for the incident and reflected light sensor MODIS bands and for 
the incident and reflected light sensor SWIR bands (Figure 14). For both sensors, MODIS 
and SWIR bands, the bandwidths centred at wavelengths from 470 nm up to 860 nm and 
from 1240 nm up to 2135 nm, respectively. The sensor with SWIR bands (SKR1870) gives 
a fifth output channel that shows the internal temperature of the sensor. This was used to 
correct the IR channel outputs.  
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Attached to the sensors structure were an IR120 infra-red remote temperature sensor 
(Figure 13c) and a GPS 16X-HVS (Figure 13d). IR120 offers a non-contact means of 
measuring the surface of an object by sensing the infrared radiation given off. It was used 
in the measurement of leaf of Z. lotus. 
 
On the field, the sensors were taken by positioning perpendicularly with the ground and the 
sky with a height of +/-20 cm above the Z. lotus leaf. The sensors collected data at every 
second. Therefore, in order to have plant reliable measure, in each point we collected data 
during 3 seconds and afterwards we calculated the average of those 3 records. 
 
 
Sensor 1 (Figure 13a) is fitted with the cosine correcting 
head and is measuring incident light. 
 
Sensor 2 (Figure 13b) is narrow angle and measuring 
reflected light 
 
Both incident and reflected light is measured 
simultaneously by two identical sensors, to eliminate 
fluctuations in solar radiation 
 
The area of ground in view to the sensor is then defined by 
the height above the ground as show this figure. 
Figure 14. Drawing sensor positioning in the field survey. 
 
 
The Normalized Difference Vegetation Index (NDVI) 
 
The goal of the analysis was to quantify the physiological condition of the Z. lotus 
individuals along the salinity gradient. The NDVI is a spectral index derived from the 
infrared and near infrared reflectance, related to the photosynthesis activity that can be used 
as an indicator of vegetation health. Usually, NDVI is estimated by the use of satellite 
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images to give an indication of “greenness” and to identify the spatial variability of the 
greenness canopy. However, here to compare the information provided by the chemical 
analysis.We measured the NDVI (Normalized Difference Vegetation Index) in each Z. 
lotus which the chemical analysis is done.  
 
Green plants absorb solar radiation for use in photosynthesis in the photosynthetically 
active radiation (PAR) spectral region. Leaf cells are able to reflect and transmit solar 
radiation in the near-infrared spectral region which carries approximately half of the total 
incoming solar energy. On other hand, the cell structure of the leaves strongly reflects near-
infrared light and the strong absorption by chlorophyll in the red. 
 
 
.  
Figure 15. The Normalized Difference Vegetation Index (NDV) can be used to inform about the 
health of the vegetation. 
 
 
The NDVI is calculated from the differences in the Near Infrared (NIR) and Visible (VIS) 
(red): 
 ܰܦܸܫ ൌ  ሺ െ ሻሺ ൅ ሻ  
 
The NDVI values range from 0 to 1, considering 0 as dry vegetation and 1 as green 
vegetation (Figure 15). Once the feasibility to detect vegetation had been demonstrated, 
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users tended to also use the NDVI to quantify the photosynthetic capacity of plant canopies. 
The NDVI provides an indicator of the vigor and density of vegetation at the surface. 
The Normalized Difference Water Index (NDWI) 
 
The NDWI can be used to indicate the presence of water in the plant tissue (Gao 1996). The 
NDWI is calculated as the differences in the Near Infrared (NIR) and Short Wave Infrared 
(SWIR): 
 ܰܦܹܫ ൌ  ሺ െ ሻሺ ൅ ሻ  
 
NDWI values range from -1 to 1. The NIR reflectance is affected by leaf internal structure 
and leaf dry matter content and the SWIR reflectance shows changes in both the vegetation 
water content and the spongy mesophyll structure in vegetation canopies. NDWI is a good 
indicator for water content in vegetation and it is less sensitive to atmospheric scattering 
effects than NDVI. 
 
  
Figure 16. Field work: NDVI and NDWI measurements (Torregarcía, Almeria) 
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5. RESULTS 
 
5.1.  Aquifer salinization levels and brackish groundwater distance gradient 
 
Salinization levels 
 
Therefore the groundwater samples showed high level of salinity. Water samples from all 
wells had high values of electrical conductivity due to the water contains more ionic 
substances, particularly soluble salts. Thus, the electrical conductivity (EC) ranges between 
4046.66 μS/cm and 13000 μS/cm. The groundwater also showed an alkaline character with 
pH values ranging from 6.92 to 7.54. The water temperature was between 19.36ºC and 
24.80ºC (Table 1). 
 
Table 1. Groundwater physical-chemical measurements. Electrical Conductivity (EC), pH and 
Temperature (T) from wells of the coastal aquifer of the coastal plain of the Cabo de Gata-Níjar 
Natural Park (Almería, Spain) 
 
 EC (μS/cm) pH T 
(ºC) 
Distance from the sea 
(m) 
Well 1 4046.66 7.43 19.36 1712.642 
Well 2 5360.00 7.54 23.27 2617.618 
Well 3 4483.33 7.53 20.86 735.065 
Well 4 13000.00 6.94 23.83 571.514 
 
 
Fifth ions were analyzed in water by ICP-MS (Na+, Ca2+, Mg2+, K+ and B3-) (Table 2, 
Figure 17). All of them are common in natural water but their concentrations depend on the 
water characteristic. The dominant cation was Na+, following by Ca2+ and Mg2+ with 
secondary importance. Finally, K+ and B3- are almost absent. These results indicate that the 
groundwater is salty (Na+) and has a huge hardness (Ca2+ and Mg2+).  
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Table 2. ICP-MS analysis of groundwater samples from the coastal aquifer of the coastal plain of 
the Cabo de Gata-Níjar Natural Park (Almería, Spain) 
 
 B (ppm) Na (ppm) K (ppm) Ca (ppm) Mg (ppm) 
Well 1 2.69±0.24 708.43±245.06 24.21±1.69 123.73±15.82 112.33±10.30 
Well 2 2.91±0.36 979.53±338.40 24.54±1.75 157.70±23.15 181.87±17.24 
Well 3 2.20±0.05 539.10±3.77 28.96±0.52 148.80±1.02 133.50±1.23 
Well 4 5.12±0.05 2386.00±31.95 583.73±1.89 107.13±4.66 360.43±6.67 
 
 
The SAR (Sodium Adsorption Ratio) results showed that the water from all the wells is 
suitable for irrigation (Table 3). 
 
Table 3. Sodium Adsorption Ratio (SAR) in each well 
 SAR 
Well 1 1.999 
Well 2 1.866 
Well 3 1.274 
Well 6 1.124 
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Figure 17. Charts of ions concentrations (Na
+
, K
+
, Mg
2+
, Ca
2+
 and B
3-
) measured in the wells 
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Distance to brackish groundwater 
 
From the results obtained by the VES, we confirmed a distance to brackish groundwater 
gradient related with the spatial distance to the sea. The resistivity data showed that there 
were geological substrates with brackish water. The superficial layers had high apparent 
resistivity (>1000Ω.m), which correspond to conglomerate materials with discontinue 
distribution. The interface was located where the apparent resistivity was lower than 100 
Ω.m (Table 4). 
 
Table 4. Result of the Vertical Electrical Sounding (VES) carried out in Torregarcía area, Cabo de 
Gata-Nijar, Almeria (Spain) 
VES nº1 
(error 27.6%) 
VES nº2  
(error 12.5%) 
Layer 1 
 
Initial apparent resistivity 
= 2472 µS/cm2 
Thickness = 27.7m 
Layer 1 Initial apparent resistivity 
= 1453 µS/cm2 
Thickness = 55.8m 
Layer 2 (interface, 
brackish water) 
 
Initial apparent resistivity 
= 65.9 µS/cm2 
Layer 2 (interface, 
brackish water) 
 
Initial apparent resistivity 
= 65.9 µS/cm2 
 
The following scheme is a graphical interpretation of the mixture between saltwater and 
freshwater in the study area (Figure 18). 
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Figure 18. Groundwater tables as derived from the cut between VES 1-2 in Torregarcía, Almeria 
(Spain) 
 
 
The interface between freshwater and seawater was known by the VES 1-2 which are 
describe in the section 4 (Methods). At a distance of a 305 m from the sea, the interface was 
25.7 m depth, and at 1355 m from the sea it was 55.8 m depth.  
 
5.2. Physiological condition of Z. lotus along the brackish groundwater 
distance gradient 
 
5.2.1. Leaf chemical condition 
 
The total of ions (Na+, K+, Ca2+, Mg2+ and B3-) content increased with increases in salinity 
(Table 5). The total inorganic ions resulted from increased Na+, while K+ and Mg2+ 
concentration decreased with an increase in salinity. 
Healthy Z. lotus 
Declining Z. lotus 
Dry Z. lotus 
Freshwater 
Brackish water 
Very brackish water 
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Table 5. ICP-MS analysis of Z .lotus samples from Torregarcía, Almería (Spain) 
Samples B(mg/kg) Na(mg/kg) K(mg/kg) Ca(mg/kg) Mg(mg/kg) 
Z1 161.26±106.68 314.76±241.00 2885.48±191.74 8679.49±752.74 15579.84±2136.50 
Z2 349.47±177.02 313.07±143.86 5418.52±856.46 6052.71±1084.59 23810.79±3528.33 
Z3 180.15±102.13 315.39±158.03 4324.66±259.33 9931.04±2376.42 14837.76±2895.00 
Z4 288.09±81.21 79.47±19.83 3984.48±703.30 8710.03±1061.25 19229.58±1960.77 
Z5 209.45±95.74 384.49±177.80 3671.62±582.86 8375.47±1638.52 12172.80±824.98 
Z6 192.17±137.43 719.99±381.11 4136.82±181.06 11280.77±2164.38 13817.46±4542.13 
Z7 243.74±198.98 963.78±243.40 3034.86±108.07 13777.88±3625.47 8983.51±2538.85 
Z8 215.28±67.83 732.68±376.78 3095.68±91.80 15469.02±1815.47 7292.78±680.49 
Z9 285.34±180.30 846.61±385.94 2648.74±263.15 11910.02±2154.38 9365.15±3832.38 
Z10 180.66±68.50 1641.79±1197.08 3972.28±457.88 10425.29±1169.13 12433.34±2784.29 
 
 
The leaf chemical analysis showed a gradual change in the chemical composition of the Z. 
lotus in relation with the distance from the sea (Figure 19). Thus, comparing the results of 
the brackish distance groundwater gradient with the leaf chemical analysis the Z. lotus 
individuals located over the VES 1-2, it was clear that the chemical composition of the 
leaves of Z. lotus reflected the salinity gradient of the aquifer. 
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Figure 19. Ions concentrations  (Na
+
, K
+
, Mg
2+
, Ca
2+
 and B
3-
) measured in Z. lotus, along the 
brackish groundwater distance. Z1 was the furthest Ziziphus individuals to the sea (and hence to the 
brackish groundwater table) and Z10 was the closest to the sea. 
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5.2.2. Vegetation greenness  and Vegetation water content 
 
Vegetation greenness (NDVI) 
 
It is noticeable, there was small NDVI increasing in the Ziziphus individuals closest to the 
sea, although the differences of NDVI values along the gradient were also small are 
approximately constant along of the transect (Figure 20) ranging from 0.492 to 0.698 
(Table 5). 
 
Table 6. Vegetation greenness (NDVI) data from Z. lotus in Torregarcía, Almería (Spain) 
Leaves samples NDVI 
Z1 0.576 ± 0.06 
Z2 0.516 ± 0.02 
Z3 0.558 ± 0.06 
Z4 0.492 ± 0.03 
Z5 0.576 ± 0.07 
Z6 0.561 ± 0.01 
Z7 0.649 ± 0.03 
Z8 0.537 ± 0.05 
Z9 0.540 ± 0.03 
Z10 0.698 ± 0.08 
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Vegetation Water Content (NDWI) 
The differences of NDWI values along the gradient were also small, since it ranged from - 
0.307 to - 0.176 (Table 7). Nevertheless, the obtained results showed an increasing in the 
vegetation water content from the inland to the sea (Figure 21). 
 
 
Table 7. Vegetation water (NDWI) data from Z.Lotus in Torregarcía, Almería (Spain) 
Leaves samples NDWI 
Z1 -0.292 ± 0.08 
Z2 -0.307 ± 0.02 
Z3 -0.278 ± 0.02 
Z4 -0.280 ± 0.02 
Z5 -0.246 ± 0.05 
Z6 -0.285 ± 0.05 
Z7 -0.203 ± 0.05 
Z8 -0.246 ± 0.05 
Z9 -0.278±0.07 
Z10 -0.176±0.03
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Figure 20. Vegetation greenness (NDVI) data of Z. lotus along the brackish groundwater distance. 
Z1 was the furthest Ziziphus individuals to the sea (and hence to the brackish groundwater table) 
and Z10 was the closest to the sea. 
 
 
 
Figure 21. Vegetation water content (NDWI) data of Z. lotus along the brackish groundwater 
distance. Z1 was the furthest Ziziphus individuals to the sea (and hence to the brackish groundwater 
table) and Z10 was the closest to the sea. 
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6. DISCUSSION 
 
6.1.  Salinization levels of the coastal aquifer 
 
The groundwater showed a huge mineralization since the EC values were higher than 2500 
µS/cm and the ions concentration is high. Sodium was the major cation in water from the 
aquifer what is to be expected because of the groundwater mass is located in the coastal 
area. The excess of sodium in water was indicative of salinization processes in the aquifer. 
It can be explained by the seawater intrusion, water-rock interactions and deep circulating 
flows (Daniele et al.2011). In natural water, boron exists primarily as undissociated boric 
acid with some borate ions. It is sufficiently soluble in water and boron is a significant 
constituent of seawater, with an average boron concentration of 4.5 mg/kg (WHO). The 
natural borate content of groundwater and surface water is usually small. Naturally boron in 
groundwater is derived from dissolution of evaporate sediments and geothermal (Sánchez 
et al. 1999). Last studies found out that there is high boron concentration in seawater leads 
one to consider it as an indicator of marine intrusion processes (Sánchez et al. 1999, 
Vengosh et al. 2004). However, the elevated boron content in water is related to sources 
such as anthropogenic origin, soil composition and urban wastewaters. In spite of the fact 
that the well 4 is not the closest well from the sea, it has the maximum boron concentration. 
It can be possible because it is in front to of greenhouses (Figure 22).  
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Figure 22. Relationship between Na
+
 and K
+
, Mg
2+
 and Ca
2+
 in wells of the coastal aquifer of Cabo  
de Gata-Níjar Natural Park (Torregarcía area, Almería, Spain).  
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The total hardness is caused by calcium and magnesium ions. They can be found in water 
as Ca2+ and Mg 2+. The Ca2+concentration decrease with distance from the sea while Na+ 
concentration has an inverse behavior (Figure 22). This is due to the Na+ is taken up by the 
exchanger (soil) and the Ca2+ is released into the water.  
 
Na+ + 1/2Ca2+-X2              1/2Ca
2+ + Na-X 
 
This equation takes place in coastal aquifers which have seawater intrusion. Potassium 
occurs in various minerals, from which it may be dissolved through weathering processes. 
Some clay minerals contain potassium which can be released into the water thought natural 
processes. Other important source of K+ is used of fertilizers, mainly potassium nitrate.  As 
I mentioned previously, the well 4 are close to greenhouses, it can be the cause of the high 
K+ concentration in water (Figure 22). Cation exchange between water and exchanging 
solid surfaces in the aquifer is significant when relative cation concentration become 
different along a groundwater. This mean that the processes which occur in the aquifer, are 
controlled by differences in the behavior of ions in relation to the adsorption capacity of the 
exchanging solid surface, dispersivity of the aquifer, and  the contrast between the 
composition of the solution that displaces and the solution that is displaced (Cardona et 
al.2004). The Sodium Absorption Ratio (SAR) (Table 3) is an important tool for predicting 
the water quality. Water with large SAR values has the potential to affect the use of water 
for irrigation. All the wells are suitable for irrigation.  
 
6.2.  Leaf chemical composition as indicator of the salinity gradient 
 
Considering the obtained results from the Ziziphus leaves sampling along the gradient, the 
leaf chemical composition could be used as a salinization indicator in the aquifer. The 
elements Na+, K+, Ca2+, Mg2+ and B3- analyzed in Z. lotus leaves reflected the salinity 
gradient, following a positive correlation with the brackish distance gradient (Figure 23). It 
should be noted that Z. lotus showed higher salt-tolerancy than expected. So far, this 
ecophysiological trait of Z. lotus has not been referenced in the literature. Nevertheless, 
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other species from the same genus (e.g. Z. spina-christi and Z. mauritiana) that also live in 
arid zones are salt-tolerant (Agrawal 2013). This suggests that salt tolerance could be an 
adaptation factor adopted in response to harsh conditions. Thus Ziziphus must have 
developed physiological processes to tolerant high solute concentration. Several 
mechanisms could match with this processes: 1) the osmotic adjustment between vacuole 
and cytoplasm via the accumulation of organic solutes in the latter (Arndt et al.2004); 2) the 
redistribute water to neighboring plant (Armas at al.2010); 3) the Uptake and exudation of 
same sort of salty water by roots (Agrawal 2013); 4) the accumulation of compatible 
solutes such as sugars, proline or glycine betaine in plants benefit stressed cells by 
protecting and stabilizing macromolecules and structures (Maraghni at al.2011) and; 5) the 
leaf succulence to increases in spongy mesophyll cells as a response to salt stress (Sohai et 
al.2009). More research is needed to dilucidate the ecophysiological mechanism associated 
with the salt tolerance of Z. lotus. 
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Figure 23. Distribution of elements (Na
+
, K
+
, Mg
2+
, Ca
2+ 
and B
3-
) in relation to the distance from 
the sea as proxy of salinity groundwater gradient.  
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The different ion levels founded in the leaves respond both to the brackish groundwater 
distance gradient and to nutrient uptake mechanisms. Na+ was the dominant cation. 
Concentration of Na+ and Ca2+ increase towards the sea (nearest brackish groundwater 
table), while K+ and Mg2+ decreased (Figure 23). Potassium is responsible to regulate the 
opening and closing of stomates, and its concentration is almost invariable in the soil 
solution, meaning that plants must actively take up and concentrate K+ using various types 
of ion transporter. It is demonstrated that there is a competition between Na+ and K+ for 
uptake by plant roots, because Na+ is similar to K+ and inside the plant, many K+ 
transporters do not discriminate between both cations (Pardo et al.2002). Consequently, the 
Na+ uptake is high thereby decreasing the K+ uptake. Calcium is an essential micronutrient 
in plants. As a divalent cation, it has structural roles in the cell wall and membrane. A high 
salinity in plant provoke a high Ca2+ concentration, it can be toxic for the plant (Jenks et al. 
2007). Magnesium is an essential nutrient too which decrease when Ca2+ increase inside the 
plants (Figure 23). The plant tends to maintain a constant cation concentration; this means 
that high Ca2+ can induce Mg2+ deficiency. Boron is essential for cell wall structure and 
play and important role in membrane processes and metabolic pathways. Nevertheless, 
boron concentrations have a small range where concentrations are optimal. Above this 
range, boron becomes toxic and below it, boron is deficient. In spite of the fact that boron is 
essential for the plants; high boron concentrations, like salinity, are important abiotic 
stresses that adversely affects sensitive crops in many arid and semi-arid areas. The salinity 
increased B accumulation in leaves Z. lotus leaves contained great mineral salts 
concentration. There are different levels of regulation of salt uptake or distribution. Dilution 
of accumulation salts by increased leaf water content seems likely for this species. 
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6.3. Spectral vegetation indices as indicators of the response of Z. lotus to the 
salinity gradient 
 
After this study we have figured out that the Z. lotus has a wide range of salt tolerance what 
can hamper the use of spectral indices as indicators of the salinity gradient. The NDVI and 
NDWI decreased along the gradient, although the drop is not stronger than leaf chemical 
composition. There was a linear relationship between distance to the sea and NDVI that 
decreases with increasing distance from the sea (Figure 25). The NDVI is responsive to 
change in chlorophyll content of plant leaves. High NDVI values reflect greater vigor and 
photosynthetic capacity of vegetation canopy, whereas lower NDVI values for the same 
time period are reflective of vegetative stress resulting in chlorophyll reductions and 
changes in the leaves’ internal structure due to wilting (Gu et al.2008).  Nevertheless, Z. 
lotus has a great photosynthesis capacity along the gradient. This index ranged from 0.492- 
0.698 (Table 5). These results accentuate its phreatophic characteristics, being groundwater 
the only water supply during the summer period in the ecosystem. In fact, in summer, Z. 
lotus is the only green plant in Torregarcía; this means that the greenness is almost due to 
the Z. lotus. 
 
The greenness is related with the amount of chlorophyll. The center of each chlorophyll 
molecule is a magnesium ion. It guesses that higher magnesium concentration, higher 
content in plant. Nevertheless the Z. lotus leaf analysis shows different results. The Z. lotus 
which has higher magnesium concentration, it is not which has higher NDVI. It can be due 
to the others cations present in Z. lotus such as K+, Na+ and Ca2+ which decline the 
chlorophyll in plant (Ogawa et al. 1982). In spite of the fact that the boron is a 
micronutrient required for all plant nutrition, the higher B3+ concentration declines the 
NDVI in Z. lotus because boron is favorable in low concentration (Figure 24). 
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Figure 24. Relationship between NDVI and each element measured in Z. lotus in the Torregarcía 
area (Cabo de Gata-Níjar Natural Park, SE Spain). 
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The NDWI indicates the presence of water in the plant tissue. The SWIR reflectance shows 
changes in both the vegetation water content and the spongy mesophyll structure in 
vegetation canopies, while the NIR reflectance is affected by leaf internal structure and leaf 
dry matter content but not by water content. The combination of the NIR with the SWIR 
removes variations induced by leaf internal structure and leaf dry matter content, improving 
the accuracy in retrieving the vegetation water content. It is to be hoped that the salt 
contains increases, the water contents decrease in plants whereas there are plants which 
water contents of leaf increase when increasing salt concentration (Sohai et al.2009). 
Viewing the graph 25, we see that the water contents of Ziziphus increase with proximity of 
the sea. 
 
 
 
Figure  25. Relationship between distance from the sea (m) as proxy of salinity gradient and NDVI 
and NDWI values of  Z. lotus  
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Z. lotus located in the shallow groundwater, their photosynthesis activity and water 
contents will be higher because the water are more accessible for them even being salt 
groundwater while Z. lotus located in deeper groundwater , it is more complicate take up 
the water. The moisture content and green leaves is likely due to water uptake by deep-
reaching roots in Z. lotus Previous studies show that the Z. lotus has a noticeable drought 
resistance due to that the great capacity to absorb water from a rather dry soil (Gorai et 
al.2010). Z. lotus has green leaves throughout the summer months owing to water uptake by 
deep-reaching roots. 
 
7. CONCLUSIONS 
 
In arid and semiarid zones, GDEs provides valuable ecosystem services for humans. 
However, the interest to study them has just recently started. The Water Framework 
Directive focuses of such ecosystems as they can be threatened by the aquifers 
contamination. To improve the understanding of the factors determine the health of GDEs, 
we need to study the relationship between groundwater and both aquatic and terrestrial 
systems. Here, we studied these relationships in the coastal plain of the Cabo de Gata-Níjar 
Natural Park, (Almería Spain) to derive vegetation indicators that inform us about the 
aquifer state. Z. lotus is a phreatophyte that maintains its vegetative growth in summer by 
using a deep-root system able to obtain water from water table. Based on this relation, the 
results we obtained showed that leaf ion content provides a cost–effective method to assess 
the groundwater condition. Hence, this plant species may be used as seepage indicators in 
rapid assessments and surveys of the aquifer conditions. Nevertheless, it is needed more 
research to elucidate the ability of Ziziphus to inform about the aquifer condition. Although 
spectral vegetation indices (NDVI and NDWI) are good indicators of the vegetation health, 
it use with Ziziphus lotus as indicators for the groundwater conditions may be complex 
because of the salt tolerance of the species. We consider the current research helps to define 
groundwater–vegetation relationships in coastal areas and to achieve feasible monitoring 
systems of the groundwater conditions in arid and semi-arid areas. 
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